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This article documents the characteristics of the high voltage (HV) system of the hadronic calorimeter TileCal of the ATLAS experiment. Such a system is suitable to supply reliable power distribution into particles physics detectors using a large number of PhotoMultiplier Tubes (PMTs). Measurements performed during the 2015 and 2016 data taking periods of the ATLAS detector show that its performance, in terms of stability and noise, fits the specifications. In particular, almost all the PMTs show a voltage instability smaller than 0.5 V corresponding to a gain stability better than 0.5%. A small amount of channels was found not working correctly. To diagnose the origin of such defects, the results of the HV measurements were compared to those obtained using a Laser system. The analysis shows that less than 0.2% of the about 10 thousand HV channels were malfunctioning.
Introduction
The High Voltage (HV) distribution system described in this article has been developed to supply each of the about 10000 PhotoMultiplier Tubes (PMTs) of the ATLAS Tile Calorimeter (TileCal) [1, 2] , with a voltage ranging from approximately 500 to 900 V. TileCal is the central hadronic calorimeter of the ATLAS [3] experiment at the Large Hadron Collider (LHC) [4] of CERN. It is a sampling calorimeter whose operation is based on the detection of scintillation light using PMTs. It plays an important role for the precise reconstruction of the kinematics of the physics events, because about 30 % of the total energy of jets produced in the proton collisions is deposited in TileCal. In order to keep stable the energy measurements, the PMTs must be supplied with a very stable HV. As discussed in Section 7, the relation between the gain G of a PMT and the applied high voltage HV is given by G ∝ HV β , where β is specific to each PMT. Any variation of the high voltage would induce a gain variation deteriorating the measurement of the energy deposited by the particles in the calorimeter cells.
A short description of the calorimeter is reported in Section 2. The hardware and the online monitoring software of the HV system are described in Section 3. The tolerance to radiation of the system appears in Section 4 and the characteristics and performance of the system in Section 5. The results of an analysis of faulty boards are discussed in Sections 6. The measurements performed during data taking concerning the most important feature, the stability, are presented in Section 7. Finally, conclusions are drawn in Section 8.
The Tile Calorimeter
The TileCal calorimeter [1, 2] is mechanically divided into three barrels: one central long barrel (LB), covering the region 1 |η| < 1.0 and two extended barrels (EBs), covering 0.8 < |η| < 1.7. The internal and external radii are 2.28 and 4.23 m respectively. Each barrel is assembled from 64 wedge-shaped modules, arrayed along the azimuthal angle φ. Along the z direction every module has a periodical structure of iron and scintillating tiles perpendicular to the beams axis (see Fig. 1 ). Wavelength shifting (WLS) fibres transmit light produced in the tiles to 9852 photomultipliers [5] . In each module a three-dimensional cell structure is defined by grouping optical fibres read-out by PMTs [6] . In general two photomultipliers readout the cells. The left (right) PMTs are connected to the fibres collecting light from the radial left (right) side of the cell scintillating tiles. The signals of the two PMTs are summed up to provide the cell response. The photomultipliers are located in a super-drawer 2.60 m long composed of an external and an internal drawer inserted in a girder positioned on the external radial part of the calorimeter modules (see Fig. 1 ).
In a φ-slice, there are four longitudinally placed super-drawers defining the so-called partitions: EBA and LBA in the A-side (η > 0) and LBC and EBC in the opposite C-side (η < 0). In each super-drawer can be installed a maximum of 48 PMTs (24 in each of the two drawers that constitute a super-drawer).
In partitions EBA and EBC, most of the modules contain 32-instrumented channels (PMTs) while 45-instrumented channels (PMTs) are present in LBA and LBC partitions. A voltage divider in each PMT block [1, 3] provides electric connections for the supplied high voltage and signal output.
The High Voltage Distribution System
This section contains a detailed description of the hardware of the HV system, as well as its associated online monitoring infrastructure.
The main specifications of the HV distribution system are:
• To be able to set a different high voltage value to each of the 9852 TileCal PMTs with a limited number of HV power supplies;
• the applied high voltage must be stable, with a spread smaller than 0.5 V, thus ensuring a stability of the PMT gain better than 0.5%, and a ripple smaller than 20 mV peak to peak;
• the sensitivity to temperature variations must be smaller than 0.2 V/ • C and it must be insensitive to humidity values up to 60%;
Not reviewed, for internal c to as the electomagnetic (EM) energy scale, is set by adjusting the PMT gain to reproduce the PMT's 36 current of a reference 137 Cs source to the level it had during the tests with electron beams, where the 37 conversion factor pC/GeV was fixed and measured [4] . Analogously the response of simulated electrons 38 is used in ATLAS to fix the energy scale of the Monte Carlo (MC) jets. The full hardware procedure is 39 monitored using a pulsing laser system [5] that checks the PMT gain stability and a system for charge 40 injection pulses (CIS) [5] that measures the pC/ADC conversion factors for each channel of the fast read-41 out used for physics and laser data. The same CIS reference voltages are used to inter-calibrate the slow 42 integrator read-out used to measure the 137 Cs current in each PMT. • it must be insensitive to magnetic fields up to 0.1 T;
• it must be able to deliver a current up to 350 µA/PMT;
• in case of problems, it must be possible to switch off a fraction of the PMTs with a small impact on the quality of the data.
Taking into account these specifications, the system has been designed with a single HV power supply per super-drawer powering up to 48 PMTs. The voltage adjustment for each PMT is performed by an individual regulation loop described in Section 3.5. The emergency switches control the 12 left or the 12 right PMTs of a super-drawer (see Section 2) in a way that, in case of problems, it is possible to obtain a measurement, although less precise, of the energy deposited in the affected cells using the signal measured in the operational PMTs. In addition, the HV distribution system includes several temperature probes to monitor the super-drawer temperature (see Section 3.2).
The channels are monitored and adjusted individually using the Detector Control System (DCS) [7] , discussed in Section 3.9.
General description of the HV system
The HV distribution system is made of two parts: a front-end system for the individual regulation and distribution of the voltages and an external HV power supply [8] localized in the ATLAS technical cavern USA15 [3] . As shown in Fig. 2 the boards are placed at one surface of the super-drawer. The front-end data readout electronics, not visible in the figure, is hosted in the other side. The HV electronics for one super-drawer consists of:
• One HVmicro board (166 × 95 mm 2 ) that hosts a micro-controller (Motorola MC68376) allowing driving the HVopto boards.
• Two HVopto boards (544 × 95 mm 2 ), one internal and one external. Each of them provides the individual regulation of the 24 PMTs of a drawer.
• Two long HVbus boards (1312 × 92 mm 2 ), one internal and one external, distribute the adjusted voltages to the PMTs. The HVmicro board and one of the two HVopto boards are installed on the HVbus board localized in the external drawer. The other HVopto board is placed on the HVbus board of the internal drawer.
• A short flexible bus (HVflex) links the external and the internal HVbus boards.
The scheme of the HV distribution system is shown in Fig. 3 . The boards are supplied with +5 V, +15 V and −15 V by an external power supply [9] located in the girder, close to the external drawer. A voltage of −5 V is locally generated in the HVopto boards using regulators. 
Temperature monitoring
The TileCal super-drawers are water-cooled using a circuit below the atmospheric pressure to avoid leakages. As already mentioned the HV distribution system allows also monitoring of the temperature inside each super-drawer. Seven temperature probes are monitored by the HVmicro board. These probes are temperature transducers (AD590) that produce an output current proportional to temperature. The probes are integrated on the HVmicro board, the HVopto boards and the HVbus boards (see Fig. 3 ). Two external probes are connected to the HVopto boards, one is located close to a PMT and the other is close to the interface board of the readout system placed on the other side of the super-drawer. The temperature monitoring accuracy is 0.1 • C.
HV power supply
The high voltage power supply consists of 16 custom-made High Voltage Power Supplies (HVPS) [8] independent units. Each unit has 16 output channels and each channel provides the high voltage, HV in , to a super-drawer. Two HV in values equal to −830 V and −950 V with a nominal consumption of 11 mA (maximal output current is 20 mA for LB's and 9 mA for EB's) can be provided. The choice of the two possible HV values for a super-drawer is performed on the base of the scintillating tile quality (two different manufacturers produced the scintillating polystyrene material [6] ), the radiation aging of the tiles in the module, the quantum efficiency of the connected PMTs [1] and their nominal high voltages [5] . The HV in values can be set and monitored remotely using the DCS system discussed in Section 3.9.
HVmicro board
The HVmicro board of each super-drawer allows to set the appropriate high voltage to each of the 48 channels (one value per PMT), and also to monitor the applied values with a frequency of approximately 2 Hz. The micro-controller works with a 20 MHz clock. Its program, written in C, performs the following tasks:
• setting of the correct HV value for each channel, using a Digital to Analog Converter (DAC) located on the corresponding HVopto board;
• monitoring of the 48 applied HV values, using one Analog to Digital Converter (ADC) located on each HVopto board;
• monitoring of the input high voltage (HV in ) for each group of 12 PMTs, the seven input low voltages (+5 V, −15 V, +15 V, four −5 V), the seven temperature probe values and two reference voltages (see Section 3.5 );
• conversion of the DAC and ADC values to and from physical values (voltages, temperatures) (see Section 3.6);
• control of the four emergency switches, located on the HVopto boards;
• continuous correction against Single Event Effect (SEE), see Section 4;
• communication with the ATLAS DCS using the CANbus network [7] . The three externally generated input low voltages and the temperature probe located on the HVmicro board are monitored by a 10-bit ADC embedded in the micro-controller. The other values are monitored by ADCs located in the HVopto boards.
For each monitored parameter, an average of 10 measurements is computed and stored in the HVmicro RAM (see Fig. 3 ). The comparison between this value and the nominal value allows determining the channel status (OK, warning or error) according to adjustable ranges for each channel.
The micro-controller program is stored in a 256 KB flash memory, while the 48 nominal HV values and the conversion parameters are stored in a 2 KB EEPROM. An additional 256 KB RAM contains all variables during the program execution and a copy of all the parameters of the EEPROM (see Fig. 3 ). In order to reduce SEE effects (see Section 4), each parameter is copied five times in the RAM. Every time the program needs to access a parameter, the five copies are compared and, if they differ, the most frequent value is taken, the faulty values are corrected and a global status bit is set.
Finally, the CANbus interface integrated in the micro-controller is connected to the CANbus network through an opto-isolated interface. A picture of the HVmicro board can be seen in Fig. 4 .
HVopto board
Each HVopto board allows the regulation of the HV of 24 PMTs. As shown in Fig. 3 A HVopto board contains 24 12-bit DACs (one for each regulation loop) powered by the external +15 V and a locally generated −5 V. The negative voltage is provided by two regulators, each of them powering a group 12 DACs. In each regulation loop (see Fig. 5 ) a DAC, corresponding to the required HV value, HV i nom , is set by the HVmicro. The conversion procedure applied in the micro-controller is described in Section 3.6. The DAC output is compared with a fraction of the output HV value, HV 
where HV i max is around +360 V with variations of about 20 V, due to the Zener diodes characteristics variations. The time recovery after a requested variation is less than 5 ms [10] . In case the input low voltages are off, the applied voltage is HV in , the two −5 V regulator outputs and the three temperature probes. In order to monitor the stability of the HV monitoring ADC (including its multiplexer and amplifier), a 1.23 V voltage reference AD589, is present on each HVopto board (see Fig. 3 ). The same digitization chain monitors this reference voltage and the voltages applied to the PMTs. Therefore, any drift of the measurement chain, in particular due to radiations, should translate into a drift of the monitored reference voltage. Such a drift has never been detected until now during the ATLAS operation (see also Section 7). The board contains also a 2 KB EEPROM, that stores the conversion parameters of the DACs and ADC, to be retrieved by the micro-controller. A picture of the HVopto board can be seen in Figure 6 .
Conversion of the DAC and ADC values
The The conversions between low voltages and temperatures are linear and two parameters are needed: the slope and the offset. The precision on the temperature measurements is around 0.1 • C.
HVbus board
As already mentioned, the role of the HVbus boards, shown partially in Fig. 8 , is to support mechanically the HVmicro and HVopto boards and to interconnect these two boards together and with the PMTs. Each HVbus board contains one temperature probe. A passive filter made of 1 kΩ resistors is inserted on the power and on the return of the HVbus connector between the HVopto board and the input of each PMT voltage divider [1] . A picture of the passive filter is shown in Fig. 9. 
Power consumption
The baseline power consumption of the low voltages is 19 W for a full super-drawer. When the HV in is powered (at −830 V or −950 V), the power consumption of the HV power supply is about 0.3 W per channel. When the HV in is 0, an extra consumption of 0.32 W per channel on the −15 V power supply is observed. Therefore, in the worst case, the total power consumption for a super-drawer is 34 W.
Online control of the HV system
All the HV systems of each of the four partitions are controlled and monitored independently by the DCS that was implemented with the PVSS application during LHC Run 1 (2009-2013). Since 2015 (LHC Run 2) it is using the WinCC OA application. Each partition is under the supervision of one computer. The 
Tolerance to radiation
The location of the HV system in the detector implies that the choice of the electronics components must be performed according to the ATLAS Policy on Radiation Tolerant Electronics [3] . The requirement is that the boards must be operational during 10 years at the nominal LHC Luminosity even if they are placed in the highest radiation level locations. The radiation values in the different regions of ATLAS were determined using the ATLAS Monte Carlo radiation simulation [11] program. Non Ionizing Energy Loss (NIEL), Total Ionizing Dose (TID) and Single Event Effect (SEE) were considered. The required lower values of the radiation intensity that the different components must bear in 10 years, reported in Table 1 , include large safety factors.
Qualification tests aiming to determine the effects on the components of NIEL, TID and SEE were performed using neutrons, gammas and protons beams respectively. Neutrons with kinetic energy close to 1 MeV were used at the Prospero accelerator at Dijon in France [12] . The boards were also exposed to gammas with energy close to 1.2 MeV at Pagure in France [12] and to protons of 300 MeV at PSI in Switzerland [13] , [14] and [15] .
As a consequence of the deterioration of the functioning of the HVopto boards during the SEE and NIEL tests, two major modifications of the original design were necessary: • the original component allowing switching on/off separately the HV of the two groups of 12 PMTs was replaced by the opto-coupler MOC8204 and
• two transistors were placed at each side of the opto-coupler MOC8204 in the regulation loop (see Fig. 5 ) to balance the gain losses of the optic and of the electronic sides of the opto-coupler.
Other components were affected by radiations, but without spoiling the performance of the system. In particular a drift on the ADC signal of 1-2% was observed during the TID tests. This effect can be easily corrected by changing the set voltage HV i out . The tolerance to radiation of the whole system was found to be at least 100 Gy to gammas, 1.8 × 10 12 MeV eq. n × cm −2 to low-energy neutrons and 1.8 ×10 11 MeV eq. n × cm −2 to high-energy neutrons. The described implementations made all the components safe against SEEs as well. The measured tolerance lower limits are bigger than the required upper limits.
Characteristic of the HV system

Sensitivity to Low Voltage variations
Using the DCS information (Secion 3.9), systematic studies were performed to check the stability of the HV system response when the effective low voltages values supplied by the LV(+5 V) and LV(± 15 V) sources vary. The effects on the temperatures in the different points of a super-drawer, the values of HV in in each half-drawer, the regulated HV i out s, the reference voltage (1.23 V) in each drawer and the −5 V value of each drawer were investigated. Table 2 shows the ranges of variation of the applied LV, ∆LV(+5 V), ∆LV(+15 V) and ∆LV(−15 V) resulting in stable values of the considered quantities.
As expected, the acceptable voltage ranges are larger for the ±15 V power supplies. Absolute values larger than 17 V affect the safety functioning of some components as the DACs connected to the regulation loops. For the +5 V power supply, which is mainly used in the logic part of the boards, values smaller than 4.4 V affect the micro-controller that hosts the CANbus interface. These results allow defining the DCS warning and alarm ranges used to monitor online the low voltage values during data taking and making diagnosis of the observed failures.
Sensitivity to High Voltage variation
When the high voltage power supply value is changed within the allowed regulation range (see Eq. (1)), multi-meter measurements show that there is no effect on the output HV i out . One concludes that the sensitivity to the input HV in the considered variation range is less than the accuracy of the used multimeter, 0.1 V.
Sensitivity to temperature variation
A temperature-regulated box has been used to measure the sensitivity of the HV distribution system to the temperature in the drawers [10] . During the tests, the temperature of 12 PMTs was measured with three silicon probes with an accuracy of 0. 
Sensitivity to humidity variation
Sensitivity of the HV system to the environment humidity has been studied at CERN. At the test bench all the elements of a full super-drawer, apart the HV and LV power supplies, were placed inside a climate chamber. For low-level humidity (below 60%), no HV trip occurred on the 48 channels over a period of 8 weeks. Several trips occurred after 7 (24) hours in the case of humidity values above 70% (between 60 to 70%). On the base of these results, it was decided to inject dry air in the girder during the ATLAS operations to maintain the humidity below 60% (see Section 3).
HV ripple at the divider output
The HV noise at the PMT divider to which the HV is applied is 1.40 ± 0.10 mV [16] . It corresponds to the RMS of the noise distribution of 12 dividers obtained by using a 1.5 m long multi-conductor HV cable at the place of the HVopto board that has a shorter HV connector. The noise value corresponds to a HV ripple lower than 9.70 ± 0.70 mV, within the specification of 20 mV (see Section 3).
Analysis of faulty boards after Run 1
At the end of the LHC Run 1, February 2013, a 2-year period of maintenance took place. During the Long Shutdown 1 (LS1) all the super-drawers were removed from the calorimeter to be tested and repaired if necesary.
A total of 104 HV boards did not pass the quality assessment and were repaired. The most frequent defect was a drift of the resistance value of a 100 MΩ high voltage resistor of the HVopto board (116 occurrences). The two HV resistors (from the regulation loop and the reading voltage divider, see Fig. 5 ) were equally failing. A large fraction of these faulty resistors, 90%, shows a variation smaller than 1%. Only eight opto-couplers failed and nine output transistors were destroyed due to short circuits in the voltage divider board of the PMTs.
HV stability during 2015 and 2016 ATLAS run at LHC
The HV stability is the most important feature of the system because it affects the stability of the PMTs gains. The relation between the PMT gain and the applied high voltage is given by
where α i and β i are parameters specific to each PMT. In TileCal β i ≈ 7. A variation of the high voltage induces a gain variation deteriorating the measurement of the energy deposited by the particles in the calorimeter cells. The HV stability has been studied using HV dedicated test benches, at test-beam [17] and in ATLAS.
Identification of unstable channels
During data taking periods, the DCS monitors the HV values that are applied to the PMTs by communicating with the HVmicro boards using the CANbus protocol. Alarms are automatically generated to alert the shifter in case the applied HV value drifts outside the predefined tolerance range. The monitored values are also stored in a database, allowing later offline analysis. However, in order to save storage space, only values that differ more than 0.5 V from the previous measurement are recorded. At least one measured value is stored every hour. Results of the analysis of 2012 data can be found in [18] . Below results of the analysis of data collected from May 5th 2015 to December 15th 2015 and from April 19th 2016 to December 6th 2016 are discussed. The number of channels that could be monitored in 2015 (2016) was 9593 (9613). Only few channels show a behaviour that does not correspond to the requirements discussed in Section 3. These channels have been identified studying the differences
as a function of time t. The quantities HV i nom and HV i meas of each channel i were defined in Section 3.6. The ∆HV i distributions were determined for 2015 and 2016 data respectively. The most probable value, µ i ∆HV , and the spread, σ i ∆HV , of the distributions were estimated as the parameters of Gaussian fits performed in the range ± 0.5 V around the maximum of the distributions. In the case of very narrow distributions, ranging in a window smaller than 0.6 V, the values µ i ∆HV and σ i ∆HV correspond to the mean and the RMS of the distributions respectively. The unstable channels verify the condition
for more than 5% of the days during the considered period of time. In Eq. Among the unstable channels, 11 were unstable both in 2015 and 2016. A total of 13 channels were unstable in 2015 but not in 2016. The exact reason why these channels recovered in 2016 is not understood except for three channels: two are subject to sudden jumps of HV 
In 2016, among these three channels, one remained stable with the same large offset of ≈ 10 V while the two others became unstable.
The total number of problematic channels, unstable or with a large offset, was 27 in 2015 and 19 in 2016. They correspond to 0.3% and 0.2% of the investigated channels in the two periods.
Analysis of unstable channels using the Laser system
Two different sources of instability can affect the channels: an individual failure of the regulation loop (usually from the opto-coupler or the 100 MΩ HV resistor) or of the monitoring part (HV resistor or multiplexer or ADC). In the case of the regulation loop failure, HV i out is really unstable, and this affects the stability of the measurement of the energy deposited in the calorimeter cells. In the case of the monitoring part failure, only HV i meas is affected while HV i out is stable and there is no effect on the signal reconstruction. The two sources of instability can be disentangled comparing the behaviours as a function of time of the gains of the PMTs determined using the values of the high voltage applied to the PMT (G i HV ) and the one determined using the Laser calibration system [19] (G i Laser ):
obtained using Eq. (2) and assuming HV i meas = HV i out and
In the two cases, the reference values were determined in the first day of each of the two considered periods.
If HV i meas = HV i out and there is no specific problem with the Laser calibration, the two gain variations (on G i HV and G i Laser ) should be equal. In the following the results obtained analyzing 2016 data are discussed. Unfortunately, the gain of the PMTs obtained using Eq. (8) is also affected by the PMT illumination. In the considered period, due to the high luminosity of the LHC collider, a decrease of the gain between 2 and 5% was observed for most of the channels. This makes difficult to spot instabilities smaller than approximately 5 V. An example of comparison can be seen for two channels of LBC08 in Fig. 12 . The PMT 15 on the left is very stable and does not suffer from any luminosity effect. Since it corresponds to a cell far from the collision point, the gain variation measured by the Laser is compatible with the one obtained from the HV The other five channels show different behaviours of the gains determined using Eq. (7) and Eq. (8) . One example is shown in Fig. 14. For these channels, the monitoring of the applied high voltage is not working properly but the value of HV i out seems to be stable since the gain variation measured by the Laser is compatible with the decrease due to luminosity.
From this analysis one can conclude that the number of really problematic HV channels in the TileCal detector is less than 0.2%. Moreover, since the calorimeter cells are read-out by two PMTs, the impact of the studied effects on the jet reconstruction is negligible. Similar results were found analysing 2012 data [18] . 
Conclusions
The high voltage system of the TileCal calorimeter of the ATLAS experiment allows to set and monitor the high voltage value of each of the 9852 PMTs of the sub-detector. In this article the hardware and the online software of the system have been described. The analysis of the data collected in 2015 and 2016 show very few problematic channels. Only 0.2 % of the PMTs shows a gain instability larger than 0.5%.
